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Disclosed herein are methods for producing primate embryonic stem cells that arc MHC-matchcd to a specific donor individual. In 
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PRIMATE EMBRYONIC STEM CELLS WITH COMPATIBLE 
HISTOCOMPATIBILITY GENES 
CROSS - REFERENCE TO RELATED APPLICATION 
Not applicable. 

5 STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

This invention was made with United States 
government support awarded by the following agencies : NIH 
Grant Nos: RR11571; RR/AG00167; HD34215 and NIH Grant No: 
RR12804. The United States has certain rights in this 
10 invention. 

BACKGROUND OF INVENTION 
The present invention relates to production of 
primate embryonic stem (ES) cells that are MHC-matched to 
a specific donor individual. More particularly, it 
15 relates to ES cells that are designed to be genetically 

identical for all nuclear genes to the donor. 

Primate embryonic stem cells have been developed 
which are capable of unlimited undifferentiated 
proliferation while maintaining the developmental 
2 0 potential to form any cell type of the body. See U.S. 

Ser. No. 08/591,246 filed January 18, 1996 (issue fee 
paid), J . Thomson et ^i. , 92 P.N.A.S. USA 7844-7848 

(1995) , J. Thomson et ^i. , 55 Biol . Reprod. 254-259 

(1996) , J. Thomson al- , 38 Curr. Top. Dev. Biol. 133- 
25 165 (1998), and J. Thomson al. , 106 AMPHIS 149-157 

(1998) . The disclosure of these publications, and of all 
other publications referred to herein, are incorporated 
by reference as if fully set forth herein. 
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Such cells derived from undifferentiated primate ES 
cells were in part developed to provide source material 
for transplantation therapies. However, a potential 
problem with ES cell -based transplantation therapies is 
5 the possibility of immune rejection of the transplanted 

cells. While there are a number of drugs that suppress 
immune rejection responses, they typically have side 
effects and significant cost. It is preferable to 
provide transplantation therapies which minimize or 
10 eliminate the need for such drugs. 

The ability of the oocyte cytoplasm to reprogram 
nuclei from differentiated cells differs significantly 
between vertebrate taxa. Oocytes from ungulates as a 
group (including cows and sheep) have the ability to 
15 reprogram nuclei from fetal cells. See J. Cibelli et al. 

280 Science 1256-1258 (1998), A. Schnieke et al . , 278 
Science 2130-2133 (1997), and I. Wilmut al. / 385 
Nature 820-813 (1997) . 

There is also a report of the cloning of an adult 
20 sheep (*Dolly") from an adult sheep nucleus. See I. 

Wilmut et aj,. , 385 Nature 820-813 (1997). 

There have been recent reports regarding successful 
techniques for cloning mice. See e.g. T. Wakayama et 
al . . 394 Nature 369 (1998) . There was also a report of 
2 5 an attempt to produce a rhesus monkey by nuclear transfer 

(L. Meng et al . , 57 Biol. Reprod. 454-459 (1997)). The 
authors used undifferentiated blastomere nuclei from 
preimplantation embryo as the nuclear donors. However, 
the donor nuclei were from undifferentiated cells. 
30 Changes in the status of imprinting genes occur 

spontaneously in cells in tissue culture, and there are 
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likely to be random changes in the status of imprinted 
genes in specific differentiated cells during normal 
development. These changes in the status of imprinted 
genes are incompatible with normal development, so a 
fetus derived from a nuclear donor with alterations in 
the status of imprinted genes is much more likely to 
abort. The random drift in the status of imprinted genes 
is one likely explanation for the high rate of 
gestational failure of nuclear transfer experiments using 
nuclei from differentiated cells. 

In WO 98/07841, there was a report of the derivation 
of a clump of "cells" by virtue of implanting a human 
nucleus into an enucleated ungulate oocyte. Although the 
PCT refers to these u cells" as "stem cell-like", no 
evidence was provided that these were viable cells, 
(instead of cell fragments) , no evidence was provided 
that they actually contained human nuclei (no karyotype 
was performed) , and no evidence was provided that they 
had any defining characteristics of stem cells (e.g. 
capable of prolonged undifferentiated proliferation, 
capable of differentiation of the three embryonic germ 
layers) . 

Indeed, other reports clearly demonstrate that such 
interspecies nuclear transfer produced cells would not be 
viable because of a complete functional incompatibility 
between ungulate mitochondria and human nuclei. See L. 
Kenyon eJL al . , 94 P.N.A.S. USA 9131-5 (1997). The PCT 
publication itself noted that they did not try to produce 
an ES cell colony from their 4 to 16 cell stage 
structures. While the publication speculated that it 
might be possible to transfer human cell nuclei into 
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human oocytes using similar methods, it gave no examples 
or description of what would need to change to make that 
work. Moreover, their apparently poor results with 
respect to even hybrids would indicate otherwise. 

Thus, it can be seen that a need exists for 
techniques of developing stable primate embryonic stem 
cells which contain histocompatibility genes (preferably 
all nuclear genes) identical to those of selected donors. 
BRIEF SUMMARY OF THE INVENTION 
In one aspect the invention provides a primate 
embryonic stem cell that is at least MHC- compatible to a 
selected donor. The cell has been derived by 
transplantation of cell nucleus from a differentiated 
cell of the donor to an enucleated primate oocyte. The 
concept is for use with a wide variety of primates such 
as macaques, marmosets and humans. 

"Derived" is used here, and in the rest of this 
patent, in its broadest sense. It includes both direct 
derivation as well as indirect derivation. By "MHC- 
compatible" I mean that the cell has a major 
histocompatibility complex that matches that of the 
selected donor. 

In another aspect the invention provides a purified 
preparation of primate (preferably human) embryonic stem 
cells which (i) is capable of proliferation in an in 
vitro culture, (ii) maintains the potential to 
differentiate to derivatives of endoderm, mesoderm, and 
ectoderm tissues in the culture, (iii) is inhibited from 
differentiation when cultured on a fibroblast feeder 
layer, and (iv) has a major histocompatibility complex 
from a foreign source (e.g. one derived from a donor) . 
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In a preferred form the cell is genetically identical 
with respect to all nuclear genes to a specified nuclear 
donor . 

Unlike intact, whole mammals, ES cell are viable 
with changes in the status of imprinted genes. 
Therefore, the derivation of ES cells by the transfer of 
differentiated cell nuclei to an enucleated oocytes 
should allow the formation of histocompatible ES cells 
even when the nucleus is from a cell that would not allow 
the cloning of an intact adult primate. 

In still another aspect of the invention a method is 
provided for creating the aforesaid cells wherein the 
cells are derived by transplantation of cell nucleus from 
a differentiated cell of the donor to an enucleated 
primate (preferably human) oocyte. 

By reprogramming the nucleus of a differentiated 
cell from a specific individual to an ES cell nuclear 
state, it is possible to make ES cells that are MHC- 
matched to the specific individual. So, for example, one 
can take a skin fibroblast or other cell from a patient 
with juvenile onset diabetes, reprogram the 
differentiated nucleus by transfer to an enucleated 
oocyte, culture the nuclear transfer product to the 
blastocyst stage, derive undifferentiated ES cells from 
the inner cell mass, differentiate the ES cells to 
pancreatic 0-cells, and use those P-cells for 
transplantation therapy to treat the diabetes in the same 
way that whole pancreas transplants are currently used 
for this purpose (albeit without the need for 
immunosuppressive drugs) . 
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The reprogrammed cells would be genetically matched 
for all nuclear genes of the nuclear donor including 
genes of the major histocompatibility complex (MHC) . 
Immune rejection of these cells by the individual that 
5 donated the nucleus is therefore much less likely. 

It is also proposed that the MHC-matched ES cells 
can be formed by fusion between differentiated cell 
karyoplasts from a donor and primate ES or primate 
embryonal carcinoma (EC) cell cytoplasts. 
10 Human embryonal carcinoma (EC) cells are the stem 

cells of teratocarcinomas. EC cells are essentially the 
malignant equivalent to ES cells, and some human EC cell 
lines maintain the potential to form all three embryonic 
germ layers . 

15 Because human EC cells are highly aneuploid (lack a 

normal complement of chromosomes) , they have a 
significantly more restricted developmental potential 
than ES cells. However, their cytoplasm should have the 
same required factors to reprogram the nucleus from a 

20 differentiated cell, and if that nucleus is euploid (has 

a normal 'complement of chromosomes) the EC cell 
cytoplast-dif f erentiated cell karyoplast fusion product 
should have a greater developmental potential than the 
original EC cell. 

25 The objects of the present invention therefore 

include providing: 

(a) primate embryonic stem cells with MHC- 
compatibility to selected donors ; 

(b) primate embryonic stem cells derived from 
30 enucleated oocytes fused to donor nuclei which are 
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capable of proliferation in an undifferentiated state 
after continuous culture; 

(c) primate embryonic stem cells of the above type 
wherein the cells can differentiate into cells derived 

5 from mesoderm, endoderm, and ectoderm germ layers when 

the cells are injected into an immunocompromised mouse; 
and 

(d) methods to produce such stem cells. 

These and still other objects and advantages of the 
10 present invention will be apparent from the description 

which follows. The following description is merely of 
the preferred embodiments. The claims should therefore 
be looked to in order to understand the full scope of the 
invention. 

15 DETAILED DESCRIPTION OF THE INVENTION 

A. Perivatj-pn prpm Qpcytes 
Oocyte Collection And Activation 

Rhesus (or other primate) oocytes can be obtained 
from hypers timulated primates by laparoscopy according to 
20 routine methods (R. Schramm al. . 11 Hum. Reprod . 1690- 

1697 (1996); R. Schramm et al. , 11 Hum. Reprod. 1698-1702 
(1996); D. Wolf et al. , 43 Mol . Reprod. Dev. 76-81 
(1996); D. Wolf al- , 27 Mol. Reprod. Dev. 261-280 
(1990)) and cultured in modified CMRL-1066 (D. Boatman, 
25 The Mammalian Preimplantation Embryo, Plenum Press, New 

York, 273-308 (1987)) until metaphase II (Mil) stage. 

Primate oocytes can then be activated by known 
osmotic (J. Levron £t al . , 3 Zygote 157-161 (1995)), 
electrical (V. Marshall et al. , 9 Abstr. Serv. 98 J. 
30 Reprod. Fertil. (1992)), chemical (6-DMAP/ionomycin, SR 2 * 

or cyclohexamide - G. Wu, 55 Biol. Reprod. 2 60-270 
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(1996); L . Meng et al., 57 Biol. Reprod. 454-459 (1997); 
T. Wakayama et al . , 394 Nature 369 (1998)), or biological 
(injection of sperm factor - H . Wu e_£ al- , 46 Mol . 
Reprod. Dev. 176-189 (1997) and H. Wu ejL al. , 49 Mol. 
5 Reprod. Dev. 37-47 (1998)) methods. Activation can occur 

prior to, concomitant with, or after karyoplast fusion. 
See I. Wilmut et. al. , 385 Nature 810-813 (1997). 
Donor Cel l Preparation 

Fibroblasts or other donor cell types can be 
10 prepared from fetal or postnatal tissues (e.g, skin 

biopsy) by mechanical disruption followed by 
trypsinization and cultured in DMEM-10% Fetal Calf Serum 
(FCS) . See generally E. Robertson, Teratocarcinoma And 
Embryonic Stem Cells: A Practical Approach, IRL Press, 
15 Washington, D.C. 71-112 (1987). 

Immediately prior to nuclear transfer, cell cultures 
can be trypsinized, washed, and resuspended in transfer 
medium (TALP-Hepes) . See generally B. Bavister et al . , 
28 Biol. Reprod. 983-999 (1983). 
20 Oocyte Enucleation And Nuclear Transfer 

For-30 minutes prior to enucleation, Mil oocytes are 
proposed to be incubated in transfer medium containing 
the cytoskeletal inhibitor cytochalasin B (7.5 vg/ml) . 
See generally L . Meng £L al. , 57 Biol. Reprod. 454-459 
25 (1997) . 

Enucleation is then proposed to be accomplished with 
a beveled micropipette (J. McGrath et al- , 228 Exper. 
Zoo. 355-362 (1983) and J. McGrath e_£. al- 220 Science 
1300-1302 (1983), and enucleation confirmed by staining 
30 of the removed karyoplast with the dye Hoechst 33342 (3 

^g/ml) and direct observation under epif luorescence . See 
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gPTiprailv S. Stice et al. ( 54 Biol. Reprod . 100-110 
(1996) . A single donor cell is then proposed to be 
selected with the micropipette and injected under the 
zona pellucida. 
5 fusion 

Fusion of the donor cell and oocyte cytoplast are 
proposed to be accomplished by viral (J. McGrath ejt al . , 
228 Exper. Zoo. 355-362 (1983) and J. McGrath ejt al. 220 
Science 1300-1302 (1983), chemical <M. Sims et ^1 . , 91 

10 P.N.A.S. USA 6143-6173 (1994), or electrical methods (L. 

Meng fit al. , 57 Biol. Reprod. 454-459 (1997) . 
Alternatively, nuclei are proposed to be injected 
directly into the cytoplasm using techniques analogous to 
the injection techniques described in T. Wakayama et al . . 

15 394 Nature 369 (1998) 

culture And ES Cell Derivation 

The nuclear transfer products are proposed to be 
cultured to the blastocyst stage in standard medium used 
in human IVF clinics, such as S1/S2 or G1.2/G2.2 medium 

2 0 (Scandinavian IVF Science AB, Gothenburg, Sweden) . The 

inner cell mass of the resulting blastocyst should then 
be removed by immuno surgery (D. Solter et , 72 
P.N.A.S. USA 5099-5102 (1975)), and cultured on 
mitotically inactivated fibroblasts. After approximately 

25 9-15 days, the resulting mass of cells should then be 

dissociated, replated on fibroblasts, and ES cells 
selected by their characteristic morphology and expanded. 
See J. Thomson e_L al. , 38 Curr. Top. Dev. Biol. 133-165 
(1998), J. Thomson et al . . 106 AMPHIS 149-157 (1998), and 

30 U.S. Serial No. 08/591,246, filed January 18, 1996. 
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B. Nuclear Transfer Directly To ES Cell Cytoplasm 

In the next protocols we propose the approaches of 
using ES cells (or preferably ES cell cytoplasts) to 
reprogram adult nuclei. As a first experiment, we 
5 suggest that rhesus ES cells (XX karyotype) be 

transfected stably with the hygromycin resistance 
cassette, and primary embryonic fibroblasts (an XY 
karyotype) be transfected stably with a neomycin 
resistance cassette . 

10 The rhesus ES cells and fibroblasts containing these 

markers are then proposed to be fused by electrof usion or 
by other chemical fusion methods. See generally N. 
Duzgunes 220 Methods Enzymol . ( 1993 ) , and heterokaryons 
selected for hygromycin/neomycin resistance. The 

15 resulting clones are proposed to be expanded, karyotyped, 

injected into SCID mice, and analyzed for contributions 
to derivatives of all three embryonic germ layers. This 
will determine whether undifferentiated ES cells can 
reprogram differentiated nuclei using this technique to 

2 0 create tetraploid heterokaryons. 

We next propose that rhesus ES cell cytoplasts and 
neomycin resistant fibroblast karyoplasts be prepared and 
fused by similar methods. See generally N. Duzgunes, 220 
Methods Enzymol . (1993) . The fusion products will be 
25 plated on neomycin resistant primary fibroblasts under 

G418 selection, and colonies with a ES cell morphology 
expanded and examined for developmental potential. 
C^ Demonstration Of ES cell Pluriootency 

ES cells can be characterized by their ability to 

3 0 differentiate to derivatives of all three embryonic germ 

layers, endoderm, mesoderm, and ectoderm even after 
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prolonged culture. This is demonstrated either by 
letting the cells over-grow and pile up in culture, when 
spontaneous differentiation occurs, or by injecting into 
immunocompromised mice/ where teratomas form with cells 
5 representing all three germ layers. 

£L_ Application 

The present invention is primarily intended to be 
used for therapeutic purposes. For example, a cell (e.g. 
a skin fibroblast or other cell) can be taken from a 

10 patient having a disease (e.g. juvenile onset diabetes). 

One can then reprogram the differentiated nucleus by 
transfer to an enucleated oocyte, culture the nuclear 
transfer product to a blastocyst stage, derive 
undifferentiated ES cells from the inner cell mass, 

15 differentiate the ES cells (e.g. to pancreatic 3-cells) , 

and use those cells for transplantation therapy to treat 
the diabetes. 

Similar approaches should be of value in connection 
with treatment of other diseases such as Parkinson's, 

2 0 Huntington's, Alzheimer's, ALS, spinal cord injuries, 

multiple -sclerosis, muscular dystrophy, liver disease, 
heart disease, cartilage deficiency, burns, and cancer, 
and for other therapeutic purposes. In each case where a 
supply of cells is needed, the invention is intended to 

2 5 provide them at low cost and with reduced rejection risk. 

The present invention is also designed to provide 
cells useful in studying early development genes and for 
other research purposes. It will likely also be useful 
in providing cells suitable for diagnostic purposes. See 

30 generally the applications described in WO 98/07841. 
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TnHnsfrial APPlirahil^.y 

The invention is designed to provide precursors for 
developing transplantable cells. These cells are 
intended to be useful for therapeutic and other purposes. 
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I claim: 

1. A primate embryonic stem cell that is MHC- 
compatible to a selected donor, wherein the cell has been 
derived by transplantation of cell nucleus from a 
differentiated cell of the donor to an enucleated primate 
oocyte . 

2. The cell of claim 1, wherein the cell is a 
human embryonic stem cell that has been derived from a 
human oocyte and a nucleus from a human somatic cell or 
human germ cell . 

3. The cell of claim 1, wherein the cell is 
genetically identical with respect to all nuclear genes 
to the selected donor. 
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4. A purified preparation of primate embryonic 
stem cells which (i) is capable of proliferation in an in 
vitro culture, (ii) maintains the potential to 
differentiate to derivatives of endoderm, mesoderm, and 
ectoderm tissues, (iii) is inhibited from differentiation 
when cultured on a fibroblast feeder layer, and (iv) has 
genes coding for a major histocompatibility complex 
identical to a major histocompatibility complex of a 
specified nuclear donor. 

5. The preparation of claim 4, wherein the cells 
are genetically identical for all nuclear genes to the 
specified nuclear donor. 

6. The preparation of claim 4 wherein the cells 
were derived from ES cell cytoplasts fused to 
karyoplasts . 
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7. A method for producing the preparation of claim 
4, comprising transplanting cell nucleus from a 
differentiated cell of a primate donor to an enucleated 
primate oocyte so as to provide embryonic stem cells 
coding for said donor's major histocompatibility complex. ' 
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